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Renal tubulointerstitial injury in weanling rats with hyperhomo- Hyperhomocysteinemia has been reported to be asso-
cysteinemia. ciated with atherosclerotic lesions in coronary, peripheral
Background. While hyperhomocysteinemia is associated with and cerebral vessels. Many cross-sectional and prospec-an increased risk of atherosclerosis and the related cardiovascu-
tive studies have indicated mild to moderate hyperhomo-lar diseases, the effect of hyperhomocysteinemia on the kidney
cysteinemia to be an independent risk factor for stroke,has not been clearly demonstrated. The purpose of this study
was to investigate whether long-term hyperhomocysteinemia coronary heart disease and peripheral vascular disease
develops atherosclerotic lesions in the kidney. in the general population [1–5]. In patients with chronic
Methods. The effects of various dietary combinations, includ-
renal failure, the plasma homocysteine concentration ising folate deficiency, choline deficiency and methionine load-
increased by such causes as impaired renal excretion anding, on the plasma homocysteine concentration, renal function
and renal histopathology were examined for 12 weeks in male reduced renal metabolism [6, 7]. An increased plasma
weanling Fisher rats. homocysteine concentration has been suggested to be
Results. Folate deficiency, choline deficiency and methio- associated with the increased cardiovascular atheroscle-nine loading synergistically induced hyperhomocysteinemia up
rotic accidents in patients with renal failure, although theto 69.7  23.1 mol/L (control, 11.6  3.9 mol/L, P  0.01)
causal relevance of homocysteine is still uncertain [8].without any change in blood pressure. Creatinine clearance
was negatively correlated with the plasma homocysteine con- The reported effects of homocysteine on the vascula-
centration (r  0.55, P  0.01). Arterial and arteriolar wall ture from in vitro studies involved endothelial cell injury
thickening, and focal tubulointerstitial fibrosis were found in [9], enhanced low density lipoprotein oxidation [10], in-the kidneys of the hyperhomocysteinemic rat. The lesions of
creased coagulation process [11], promotion of smoothtubulointerstitial fibrosis appeared striped or wedge-shaped at
the subcapsular cortex of the kidney. In addition, the expres- muscle cell proliferation [12] and collagen accumulation
sion of vascular endothelial growth factor, an indicator of hyp- [13]. These effects and the consequent atherosclerosis
oxia, was increased in the adjacent more intact area of the might become pathogenic factors in the kidneys of hyper-
cortex. These findings suggest that the renal tubulointerstitial
homocysteinemic patients, and could exacerbate the pro-lesions were likely to be mediated by severe ischemia due to
gression of renal diseases. However, there have been fewregional circulatory disturbance. Folate supplementation di-
minished these vascular and tubulointerstitial changes. studies on the pathogenic implication of hyperhomocys-
Conclusion. These results indicate that diet-induced chronic teinemia on the kidney. Although Miller et al have dem-
hyperhomocysteinemia could induce vascular remodeling and onstrated hyperhomocysteinemia-induced renal injurytubulointerstitial injury in the kidney, and that these changes
together with other organ damage, no details of renalwere ameliorated by folate supplementation.
histopathology and the mechanism for renal injury have
been reported [14].
Experimental hyperhomocysteinemia in animal models
could contribute to investigating the mechanism for homo-
cysteine-induced atherosclerosis. Mice genetically deficient
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in cystathionine -synthase are superb animal models forendothelial growth factor, focal tubulointerstitial fibrosis, hypoxia, pro-
gressive renal disease. hyperhomocysteinemia, but the homozygous mutants die
within four weeks of birth and the heterozygous mutantsReceived for publication January 26, 2002
have a homocysteine concentration of only 10 mol/L,and in revised form April 6, 2002
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Table 1. Composition of the experimental diets
Group 1 2 3 4 5
FA () FA ()
FA () Met () Met ()
Control FA () Met () Cho () Cho ()
Basal diet g/kg 977.5 977.5 977.5 977.5 977.5
Vitamin mix with folate g/kg 20 — — — 20
Vitamin mix without folate g/kg — 20 20 20 —
Methionine g/kg — — 12.5 12.5 12.5
Choline bitartrate g/kg 2.5 2.5 2.5 — —
Folate g/kg — — — — 0.004
Abbreviations are: FA, folic acid; Met, methionine; Cho, choline; (), deficient diet; (), supplemented diet. The basal diet contained casein 23%, sucrose 26%,
-cornstarch 8%, -cornstarch 26%, corn oil 7%, cellulose 5%, mineral mix 4%, NaCl 1%, l-cystine 0.2%. In group 5, folate was supplemented with the amount
twice higher than the control group. Vitamin mix and mineral mix were the AIN-76 prescription [19].
make it possible to attain a level of plasma homocysteine received 16 g of the respective diet every day for 12
concentration comparable to that for moderate hyperho- weeks.
mocysteinemia in humans. Sustained hyperhomocystein- All the rats were placed in individual metabolic cages,
emia could be created by the administration of homocys- and a balance study was carried out after 12 weeks of feed-
teine or methionine in combination with a folate- and ing with the experimental diets. The food intake, 24-hour
choline-deficient diet. Such a diet-induced chronic hyper- urine volume, and body weights were measured together
homocysteinemic model has been used by Southern et with the blood pressure by the tail-cuff method (BP-98;
al [16] and Morita et al [17] to examine the intimal Softron, Tokyo, Japan). At the end of the 12-week feed-
hyperplasia resulting from endothelial injury to the ca- ing period, a blood sample was collected under anesthe-
rotid artery of rats. The results indicate that neointima sia with pentobarbital sodium to determine the plasma cre-
formation was exacerbated in the hyperhomocysteine- atinine, folate and homocysteine concentrations. Both
mic rats whose plasma homocysteine concentration was kidneys were then perfused with cold saline, and the right
7 to 10 times higher than that in the control animals. kidney was removed. A piece of the kidney was snap frozen
Furthermore, Hofmann et al have shown that diet-induced in liquid nitrogen for measuring the renal renin content,
hyperhomocysteinemia played a role in exacerbating the and the remainder was fixed with the methyl Carnoy’s
atherosclerotic lesions initiated by hypercholesterolemia solution. The left kidney was then perfused for 10 min-
in apolipoprotein (apo)-E null mice [18]. utes with a 4% buffered paraformaldehyde solution un-
Our present study found that renal tubulointerstitial der constant pressure, before being removed for 24-hour
lesions developed in weanling rats maintained on diets fixation in the same solution.
that induced various levels of hyperhomocysteinemia for
12 weeks. The mechanisms for inducing these renal tubu- Histological examination
lointerstitial lesions were investigated. Paraffin-embedded 3-m-thick sections were stained
with the periodic acid-Schiff (PAS) and Masson’s tri-
chrome method for an optical microscopic examination.METHODS
Tubulointerstitial changes were assessed by a morpho-Forty-six weanling Fisher rats were obtained from SLC
metric analysis with the point-counting technique as pre-(Hamamatsu, Japan), and initially allowed free access
viously described [20]. Photomicrographs were obtainedto standard laboratory chow and drinking water. After
at 	200 magnification from 20 fields in each sample,a two-day equilibration period, the rats were allocated
and each photograph was then projected on to a cross-to five groups: group 1 was fed a control diet containing
hatched grid containing 180 points. The total number ofboth folate and choline, while the other groups were pro-
points for each sample falling on the interstitium andvided with modified diets that would induce hyperhomo-
tubular epithelial cells was used for calculating the tubu-cysteinemia (Table 1). Group 2 animals were fed a folate-
lointerstitial injury index; any points falling on glomeruli,deficient diet, and groups 3 and 4 were fed the same diet
arteries, and tubular lumina were disregarded.with 1.25% methionine supplementation, and the group
4 diet was deficient in choline. Group 5 was fed the same
Immunohistochemistrydiet as that for group 4, with folate being supplemented
An immunohistological survey to investigate the mech-at a concentration two times higher than that for the
anisms for tubulointerstitial injury was performed. Para-control group in order to examine the therapeutic effect
formaldehyde-fixed renal tissue sections were analyzedof folate administration. The folate-deficient diet was
made up with a vitamin mix without folate. Each animal by indirect immunostaining with the primary antibodies
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against thrombomodulin (a gift from M. Nakano, Mitsu- from rats that had been bilaterally nephrectomized 24
hours earlier as the renin substrate, the renal cortical reninbishi Gas Chemical Co., Inc., Niigata, Japan) and then
with the biotinylated secondary antibody. The antibody- content was measured by a radioimmunoassay (Renin-
Riabead; Dinabot, Tokyo, Japan). The renin content waslabeled tissue sections were incubated with a streptavi-
din-horseradish peroxidase complex (Dako, Kyoto, Ja- expressed as the amount of angiotensin I (Ang I) in nano-
grams generated per one hour of incubation per milli-pan) and developed with 3,3
-diaminobenzidine (Dojin,
Kumamoto, Japan). Immunostainings for monocytes and gram of protein.
macrophages with the mouse monoclonal antibody (ED-1;
Statistical analysisSerotec, Oxford, UK), vascular endothelial growth factor
(VEGF) with the rabbit polyclonal antibody (Santa Cruz Data are expressed as the mean  SD. Comparisons
between groups were performed by a one-way analysisBiotechnology, Santa Cruz, CA, USA), and osteopontin
(OPN; the Developmental Studies Hybridoma Bank de- of variance (ANOVA) and subsequent Bonferroni test.
Correlation coefficients were determined by a linear re-veloped under the auspices of the NICHD and main-
tained by The University of Iowa, Iowa City, IA, USA) gression analysis.
with the mouse monoclonal antibody also were per-
formed on methyl-Carnoy fixed renal tissue sections by
RESULTS
the same procedure. To evaluate the localization of mac-
The rats fed the modified diets (groups 2 to 4), apartrophage infiltration, double immunostaining for macro-
from the folate-supplemented animals (group 5), had aphages and VEGF or OPN was performed. For double
significantly lower body weight than the control ratsimmunostaining, sections were incubated with the anti-
(group 1), although all these groups consumed at similarED-1 antibody for one hour at 37C and then with the
amount of feed (Table 2). Folate deficiency has beenbiotinylated donkey anti-mouse IgG antibody (Serotec,
reported to induce weight loss in rats [22] and in humans.Indianapolis, IN, USA). After incubating with peroxi-
The blood pressure was within the normal range in alldase-conjugated streptoavidin (Dako), the color was de-
groups, and no significant difference in the blood pres-veloped with diaminobenzidine and ammonium nickel
sure values were found among those groups. The plasmasulfate. The sections were then treated with 3% H2O2
folate level was lower in the rats fed the folate-deficientfor 30 minutes to eliminate any remaining peroxidase
diet, although the level was still above the lower limitactivity, and incubated with the anti-VEGF antibody
of the normal level in humans. The plasma homocysteineor anti-osteopontin antibody. The subsequent staining
level was significantly higher in the rats fed the folate-procedure was similar to the first, except that the color
deficient diet (group 2), and further increased by methio-was developed without using ammonium nickel sulfate.
nine supplementation (group 3; Fig. 1). Choline deficiencyThe number of thrombomodulin-positive glomerular
induced a significantly higher plasma homocysteine con-capillary loops per glomerular cross-sectional area was
centration in the rats fed the folate-deficient and methio-counted in 100 glomeruli of each tissue section. The areas
nine-supplemented diet (group 4). Folate supplementationof VEGF-positive staining in the renal cortex and outer
(group 5) resulted in a plasma homocysteine concentra-medulla, and of OPN expression in the renal cortex were
tion that was not significantly different from the controlmeasured from digitized images with the NIH-image pla-
level. The urinary protein excretion was no differentnimetry program (written by W. Rasband of U.S. Na-
among the groups, while the creatinine clearance wastional Institute of Health, Bethesda, MD, USA). The re-
significantly lower in the animals with folate deficiencysults are expressed as the percentage of positive staining
and methionine supplementation (groups 3 and 4). Folatein each area.
supplementation resulted in greater creatinine clearance
Analytical procedures (group 5). There was a significantly negative correlation
between the plasma homocysteine concentration andThe plasma creatinine, total cholesterol, triglycerides
creatinine clearance (r  0.55, P  0.01; Fig. 2).and urine creatinine levels were measured by the standard
laboratory techniques, and urine protein was determined
Histological changesby the pyrogallol red method (Micro TP test; Wako, Osaka,
Small tubulointerstitial lesions were scattered at theJapan). The plasma homocysteine concentration was mea-
subcapsular cortex of the kidney in the folate-deficientsured as total homocysteine by high-performance liquid
rats (group 2; Fig. 3B). Such tubulointerstitial lesionschromatography (HPLC) as described by Araki and Sako
extended to the deep cortex in the folate-deficient and[21]. The plasma folate level was determined by a radio-
methionine-supplemented rats (group 3; Fig. 3C) and inimmunoassay.
those rats with a choline deficiency (group 4; Fig. 3D).Renal cortical slices were homogenized in phosphate-
These lesions were accompanied by tubular atrophy andbuffered saline (PBS) containing a protease-inhibitor cock-
tail (Sigma, St. Louis, MO, USA). After adding the sera mononuclear infiltrates, and an increased amount of in-
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Table 2. Basic parameters in rats fed various diets
Group 1 2 3 4 5
FA () FA ()
FA () Met () Met () ANOVA
Variables Control FA () Met () Cho () Cho () P
N 11 8 10 11 6
Body wt g 27020 23512a 23827a 23515a 2545 0.0001
Diet g/day 15.00.4 15.30.2 14.10.7 14.60.1 15.50.2 NS
BP mm Hg 1226 1159 1166 1167 11813 NS
BUN mg/dL 13.51.3 15.41.8 15.11.7 17.81.5b 16.31.5 0.01
SCr mg/dL 0.460.13 0.490.07 0.530.08 0.520.08 0.420.08 NS
UV mL/day 10.71.3 9.82.0 15.33.4bc 17.24.2bc 11.31.8 0.0001
CCr L/day 2.000.53 1.880.37 1.290.29acd 1.300.23acd 2.050.35 0.001
Salb g/dL 4.90.1 5.10.1 5.40.2 5.10.4 5.20.1 NS
TC mg/dL 89.018.1 82.010.5 88.011.9 82.95.8 87.913.3 NS
Serum folate ng/mL 40 6.31.5ae 5.20.9ae 4.50.5ae 40 0.0001
Uprot mg/day 7.61.5 8.24.0 10.22.8 9.32.9 9.42.9 NS
Abbreviations are: FA, folic acid; Met, methionine; Cho, choline; (), deficient diet; (), supplemented diet; BP, blood pressure; BUN, blood urea nitrogen; SCr,
serum creatinine; UV, urine volume; Salb, serum albumin; TC, total cholesterol; Uprot, urinary protein excretion.
a P  0.01 vs. group 1
b P  0.05 vs. group 1
c P  0.05 vs. group 2
d P  0.05 vs. group 5
e P  0.01 vs. group 5
Fig. 1. Plasma homocysteine concentrations in rats fed for 12 weeks
on the various modified diets that induced hyperhomocysteinemia.
ANOVA, P 0.0001; a P 0.01 vs. control (group 1) and folate-deficient
(group 2) rats; b P 0.01 vs. folate-deficient rats with methionine loading Fig. 2. Correlation between the plasma homocysteine concentration
(group 3); c P  0.01 vs. folate- and choline-deficient rats with methio- (tHcy) and creatinine clearance (CCr) (r  0.55, P  0.01).
nine loading (group 4). Abbreviations are: tHcy, total homocysteine;
FA, folate; Met, methionine; Cho, choline.
loops were lower (Fig. 4E). In contrast, capillary staining
of the glomerulus with thrombomodulin was not de-terstitial fibrous tissue appeared in a striped pattern remi-
creased in other parts of the cortex (Fig. 4F, Table 3).niscent of ischemic injury. The adjacent tubules of these
Tubulointerstitial lesions were less prevalent in folate-lesions were frequently dilated. Vascular wall thickening
supplemented rats (Fig. 3E). The results of a semiquanti-was apparent in these rats at the arterioles (Fig. 4B) and
tative analysis of the tubulointerstitial lesions are shownintralobular arteries (Fig. 4C) when compared with the
in Figure 5. The tubulointerstitial index was higher incontrol rats. Some glomeruli around the lesions demon-
the rats fed the diets that induced greater hyperhomocys-strated the collapse of capillary tufts and the number of
thrombomodulin (endothelial antigen)-positive capillary teinemia. It was positively correlated with the plasma
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Fig. 3. Optical micrographs of the kidneys from
rats fed for 12 weeks on the various modified
diets that induced hyperhomocysteinemia (Tri-
chrome stain,	20 magnification). (A) Control
rats (group 1). (B) Folate-deficient rats (group
2). (C ) Folate-deficient rats with methionine
loading (group 3). (D) Folate- and choline-
deficient rats with methionine loading (group
4). Severe lesions are shown. (E ) Folate-sup-
plemented rats with methionine loading and
choline deficiency (group 5). (Reproduction
of this figure in color was sponsored by Takeda
Chemical Industries.)
Fig. 4. Optical micrographs with periodic acid-Schiff (A and B) and trichrome staining (C ), and histochemical staining with the anti-thrombomodulin
antibody (D, E and F ). A and D, control rats (group 1). B, C, E and F, folate- and choline-deficient rats with methionine loading (group 4).
Vascular wall thickening is shown in the arterioles (B) and intralobular arteries (C) in comparison with the control (A). Thrombomodulin expression
of glomerular capillary loops in the area of interstitial lesions was lowered in the rats with hyperhomocysteinemia (E and F) than in the control
rats (D). Those glomeruli away from tubulointerstitial lesions exhibited almost normal thrombomodulin expression (F). Magnification: A, B, D
and E, 	300; C and F, 	200. (Reproduction of this figure in color was sponsored by Takeda Chemical Industries.)
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Table 3. Effect of hyperhomocysteinemia on renal histochemistry and renal renin content
Group 1 2 3 4 5
FA () FA ()
FA () Met () Met () ANOVA
Control FA () Met () Cho () Cho () P
Glomerular capillary number
number/glomerular cross-section
Non-fibrotic area 27.54.2 29.74.3 24.84.4 24.34.8 29.05.0 NS
Fibrotic area — — 6.25.2a 5.84.5a —
Osteopontin % area
Cortex 0 0.480.23 3.422.05bc 4.993.30bc 0.920.38 0.01
ED-1 cell/mm2
Cortex 5.31.3 10.11.9d 39.910.9bc 40.412.2bc 16.95.6d 0.001
VEGF
Cortex % area 6.53.3 9.32.9 24.09.6cde 42.310.4bf 7.92.2 0.001
Outer medulla % area 32.913.0 25.310.7 24.46.4 14.97.8 27.24.2 NS
Cortex/outer medulla 0.250.16 0.440.25 1.100.59cd 3.421.15bf 0.300.08 0.001
Renal renin content ng Ang I/h/mg
Cortex 30136 — — 35628 33539 NS
Abbreviations are: FA, folic acid; Met, methionine; Cho, choline; VEGF, vascular endothelial growth factor; Ang I, angiotensin I. Glomerular capillary number
was assessed by thrombomodulin expression.
aP  0.01 vs. non-fibrotic area
bP  0.01 vs. groups 1 and 2
cP  0.05 vs. group 5
dP  0.05 vs. group 1
eP  0.05 vs. group 2
fP  0.01 vs. group 5
Fig. 5. Tubulointerstitial index (TII) of rats fed for 12 weeks on Fig. 6. Correlation between the plasma homocysteine concentration
the various modified diets that induced hyperhomocysteinemia. Tubu- and tubulointerstitial index (r  0.57, P  0.01).
lointerstitial changes were assessed by the point-counting method.
ANOVA, P 0.001; a P 0.01 vs. control (group 1); b P 0.05 vs. folate
deficient rats (group 2), and folate-supplemented rats with methionine
loading and choline deficiency (group 5). Abbreviations are in the
legend to Figure 1. choline-deficient group with methionine supplementa-
tion (Fig. 7A and Table 3). This osteopontin expression
was co-localized with an accumulation of ED-1 positive
macrophages as shown by double immunostaining (Fig. 7Bhomocysteine concentration (r  0.57, P  0.01; Fig. 6)
and Table 3). The expression of both osteopontin andand negatively correlated with the creatinine clearance
ED-1 was lower in the folate-supplemented group, but(r  0.53, P  0.01).
the quantification analysis revealed that ED-1 in theWhile no osteopontin was expressed at the renal cor-
folate-supplemented group was still significantly highertex in the control group, its expression at the cortex
was significant with a striped pattern in the folate- and than the control level. Furthermore, the macrophage
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Fig. 7. Histochemical findings from the rats fed for 12 weeks on the various modified diets that induced hyperhomocysteinemia. (A) Osteopontin
expression in the folate- and choline-deficient rats with methionine loading (group 4). (B) Double immunostaining with the anti-osteopontin
antibody (brown) and anti-ED-1 antibody (black) of sections from the folate- and choline-deficient rats with methionine loading (group 4).
Osteopontin expression was remarkable in the area with macrophage accumulation. (C ) Double immunostaining with the anti-VEGF antibody
(brown) and anti-ED-1 antibody (black) of the sections described in (B). There was less VEGF expression in the area with macrophage accumulation.
(D, E and F ) VEGF expression in the control rats (D, group 1), folate- and choline-deficient rats with methionine loading (E, group 4), and folate-
supplemented rats with methionine loading and choline deficiency (F, group 5). VEGF expression was higher at the cortex in the hyperhomocysteine-
mic rats than in the control rats. Folate supplementation reversed this difference in VEGF expression. Magnification: A, 	25; B and C, 	75; D,
E and F, 	20. (Reproduction of this figure in color was sponsored by Takeda Chemical Industries.)
infiltration, which was significantly increased in group 2, expression was greater at the cortex and less at the outer
medulla (Fig. 7E and Table 3). Double immunostainingseemed to precede the tubulointerstitial injury and the
osteopontin expression. demonstrated that VEGF expression was lower in areas
with macrophage accumulation (Fig. 7C). Folate supple-Vascular endothelial growth factor was predominantly
expressed at the outer and inner medulla in the control mentation resulted in lower VEGF expression at the
cortex (Fig. 7F), the expression ratio of VEGF betweengroup (Fig. 7D and Table 3). In the folate- and choline-
deficient group with methionine supplementation, VEGF the cortex and medulla being similar to the control level.
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The cortical content of renin was not significantly more, the increased expression of VEGF, an indicator
of hypoxia [24, 25], at the cortex supports this notion.higher in the folate- and choline-deficient rats with me-
thionine supplementation than in the control rats (Ta- This arterial wall thickening and tubulointerstitial injury
is similar to that found in patients with hypertensiveble 3). There was no significant effect on the cortical
renin content from folate supplementation. nephrosclerosis whose cortical blood perfusion has been
reduced by arteriosclerotic intimal thickening [26, 27].
Considering the absence of hypertension, however, the
DISCUSSION
arterial wall thickening, glomerular obsolescence and
This study examined the chronic effects of hyperho- tubulointerstitial injury shown in our model seem to be
mocysteinemia on the renal consequence in rats whose associated with the effect of hyperhomocysteinemia. The
plasma homocysteine concentration was increased by tubulointerstitial lesions are demarcated from the more
dietary modification. The administration of diets induc- intact area where VEGF is extensively expressed. VEGF
ing hyperhomocysteinemia to weanling rats for 12 weeks is a potent angiogenic factor, and thus might contribute
spontaneously provoked arterial and arteriolar wall thick- to maintain the blood supply to the cortex and protect
ening, and renal tubulointerstitial fibrosis. The renal tu- the tissue from hypoxia [28]. Despite such a protective
bulointerstitial changes and the deterioration of renal effect of VEGF, severely ischemic lesions, which might
function were closely associated with the plasma homo- be caused by severe atherosclerosis or the increased ex-
cysteine concentration. Folate supplementation resulted pression of a certain anti-angiogenic factor [25], would
in a lower plasma homocysteine concentration, and at- develop into interstitial fibrosis. Macrophage accumula-
tenuated the hyperhomocysteinemia-induced vascular tion and osteopontin expression might mediate this pro-
and renal parenchymal injuries. cess [29, 30]. Recent studies have indicated that homocys-
Homocysteine is formed by the demethylation of me- teine stimulated oxidative stress [31] and reduced NO
thionine, and then remethylation to methionine by the production [32], and these factors also might play a role
methionine synthase-mediated reaction [23]. Since methyl- in vascular endothelial injury and progression of tubulo-
tetrahydrofolate works as a substrate in the latter reac- interstitial injury. However, these factors were not inves-
tion, folate deficiency may be one limiting factor for the tigated in the present study.
remethylation of homocysteine, thus increasing the homo- The thrombomodulin-positive capillary density in glo-
cysteine concentration. Betaine homocysteine methyl- meruli was significantly lower in the area of tubulointer-
transferase also functions as an alternative pathway for stitial fibrosis than that in the control rats. Although homo-
the remethylation of homocysteine. Betaine is formed from cysteine is known to induce endothelial dysfunction [33],
choline, suggesting that a choline deficiency is another the lower level of thrombomodulin-positive capillary
factor affecting homocysteine accumulation. We exam- loops in the fibrotic area is not likely to have been the
ined the effect of a folate deficiency, methionine supple- direct effect of homocysteine. It might have been due
mentation and choline deficiency step-by-step on the to ischemia or to secondary changes by tubulointerstitial
plasma homocysteine concentration and renal injury. The injury, because there was little change to capillary loops
combination of these dietary modifications was effective in other glomeruli at the more intact area of the cortex.
in attaining a sufficiently high level of plasma homocys- The fact that proteinuria did not increase in hyperhomo-
teine concentration and creating vascular and tubulo- cysteinemic rats supported this notion. However, since
interstitial injuries. Folate supplementation resulted in a VEGF is also an endothelial cell survival factor [34],
lower concentration of plasma homocysteine, and atten- there is a possibility that the enhanced expression of
uated arterial wall thickening and renal tubulointerstitial VEGF at the cortex could partly relieve the homocys-
lesions to a level comparable to that of the control. This teine-mediated endothelial injury.
result indicates that remethylation by methyltetrahydro- To our knowledge, this is the first study to demonstrate
folate is the major metabolic pathway for homocysteine, that the chronic elevation of plasma homocysteine spon-
and that the folate level is the most important determi- taneously induced arterial and arteriolar wall thickening,
nant of plasma homocysteine. While vitamins B6 and B12 and the related renal tubulointerstitial injury. In contrast
also are related to homocysteine metabolism, we did not to our model, previous studies have shown that hyper-
test the involvement of those vitamins in this study. homocysteinemia could induce arteriosclerotic vascular
The tubulointerstitial lesions shown in this study are injury in the “two-hit model,” a model that has both
considered to have been mediated by severe ischemia hyperhomocysteinemia and another factor exacerbating
due to circulatory disturbance, because the characteristic atherosclerosis like carotid endoarterectomy by balloon
features of striped or wedge-shaped interstitial lesions injury [16, 17] or hypercholesterolemia in apoE-null mice
and glomerular obsolescence at the tubulointerstitial le- [18]. It is noteworthy that our rat model was successfully
sions were shown in addition to arterial wall thickening produced when weanling rats were exposed to hyperho-
mocysteinemia for the relatively long period of 12 weeks.of the renal intralobular arteries and arterioles. Further-
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